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Abstract Receiver function analysis is performed for
the easternmost part of the Pannonian Basin and across
the Southern Carpathians, a geologically and
geodynamically complex region featuring microplates,
mountain belts, and locally deep sedimentary basins.
We exploited seismological data of 56 stations including
temporary broadband stations of the South Carpathian
Project (SCP) and two permanent stations in Hungary.
We calculated P-to-S receiver functions to determine the
variation of Moho depth across the basin and the moun-
tains along a NW–SE-oriented swath about 600 km long
and 200 km wide. We applied threefold quality control
on the raw and the processed data. The Moho depth was
determined by two independent approaches, common
conversion point migration and H-K grid search meth-
od. The determined Moho depths show shallow values
between the AlCaPa and the Tisza-Dacia blocks, with
typical depths between 22 and 28 km, and the
shallowest depths in the area of eastern Pannonian Ba-
sin. We could estimate the Moho depth beneath one
station in theMid-Hungarian Zone, between the AlCaPa
and the Tisza-Dacia blocks. The crust was thicker under
the Apuseni Mountains (28–32 km), and in the investi-
gated region, the Moho was deepest beneath the South-
ern Carpathians (33–43 km). We observed a southeast-
ward crustal thickness increase, and we presented an
interpolated Moho map over the area of study.
Keywords Pannonian Basin and the Southern
Carpathians . South Carpathian Project . Receiver
function .Moho discontinuity
1 Introduction
Our study area is the transition zone between the
Carpathian Mountains and the Pannonian Basin in Cen-
tral Europe (Fig. 1). Several studies describe the evolu-
tion and tectonic structure of this transition zone
(Horváth et al. 2006; Kovács et al. 2007; Schmid et al.
2008). The Tethys Ocean had closed in the Jurassic
(Handy et al. 2010), which triggered the development
of subduction zones and collisional belts between the
Adriatic microplate and the European continent in the
Cretaceous (Horváth et al. 2006). In the next phase
formed the Pannonian Basin, a geologically complex
extensional back-arc basin (Horváth et al. 2006). The
development history of the basin features several
https://doi.org/10.1007/s10950-019-09847-w
Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10950-019-09847-w) contains
supplementary material, which is available to authorized users.
D. Kalmár (*)
Department of Geophysics and Space Science, Eötvös Loránd
University, Budapest, Hungary
e-mail: kaduaat@caesar.elte.hu
D. Kalmár :G. Hetényi : I. Bondár
Research Center for Astronomy and Earth Sciences, Geodetic and
Geophysical Institute, Hungarian Academy of Sciences, Budapest,
Hungary
G. Hetényi
Institute of Earth Sciences, University of Lausanne, Lausanne,
Switzerland
J Seismol (2019) 23:967–982
/Published online: 29 June 2019
processes. In the early Miocene, lithospheric extension
resulted in basin thinning because the extension velocity
was larger than the sediment fill rate (Csontos et al.
1992). During this time, north-eastward movement of
the Adria block and collision with Europe occurred.
This has resulted in the formation of the AlCaPa and
Tisza-Dacia terrains (Horváth et al. 2006). The rotation
of the AlCaPa block was counterclockwise, and the
rotation was clockwise for the Tisza-Dacia block. In
the next phase, the two blocks underwent SW–NE-
oriented extension, but were still separated by the Mid-
Hungarian Zone (MHZ), located between these two
blocks and being the continuation of the Periadriatic
Line (Csontos and Nagymarosy 1998; Tari et al.
1999). This zone is defined between the Balaton Fault
and the Mid-Hungarian Fault. In the next phase, in the
middle Miocene, the thickness of sediments in the
Pannonian Basin reached 6–7 km, as during this time,
the sediment fill rate exceeded the extension velocity
(Lenkey 1999). In the end of the Miocene, the area of
the Basin is generally characterized by compressional
stress fields and left-lateral movements (Fodor 2010).
Furthermore, the transformation of stress field from the
extension to the compression continued in the Pliocene
age and this is still ongoing today. As for the neotectonic
phase of the basin, GPSmeasurements indicate that with
respect to the Eurasian Plate, the Adriatic microplate
moves 4 mm/year in northeast direction (Bada et al.
2007). This movement has an impact on the AlCaPa
structural elements. The eastern part of the block moves
0.3 mm/year, and the western part of the block moves
1.3 mm/year, while other parts of the block are relatively
stable.
In the Pannonian Basin, the Moho discontinuity is
generally at shallow depth, between 21 and 32 km
(Horváth et al. 2015). The shallowest area is the
Pannonian Basin, due to the lithosphere extension
(Horváth et al. 2006). The structure of lithosphere is
more complicated and the crust-mantle boundary is
located deeper in the South Carpathians because of
Adriatic convergence (Kovács et al. 2012).
Previous instrumental seismology studies in the in-
vestigated region usually used 2D, controlled-source
seismic reflection, and refraction profiles, such as the
CELEBRATION 2000 (Guterch et al. 2003), ALP 2002
(Brückl et al. 2007), and the SUDETES (Grad et al.
2008). The first passive array experiment, the
Carpathian Basin Project (CBP), took place between
2007 and 2009 and studied the western part of the
Pannonian Basin (Dando et al. 2011; Hetényi et al.
2015). In the western part of the Pannonian Basin, the
crust-mantle interface beneath the MHZ was not identi-
fied by receiver function analysis probably because the
velocity contrast at the crust-mantle boundary is not
significant due to low vertical gradient of the velocity
with depth (Hetényi et al. 2015).
The South Carpathian Project (SCP) deployed 54
temporary broadband seismographs between 2009
and 2011 in the eastern part of the basin and across
the Southern Carpathians (Fig. 1). The SCP data
were utilized for body wave tomography (Ren
et al. 2012) and ambient noise tomography (Ren
et al. 2013). The body wave tomography determined
P wave velocity model of the upper mantle beneath
the Carpathian-Pannonian region, while the ambient
noise study determined an S wave velocity model
for the crust, thus leaving a gap on the Moho depth
beneath the region. So far, no receiver function
studies have been published for the SCP region
and the results from permanent station data remain
scarce (e.g. Hetényi and Bus 2007). Furthermore,
the region is sparsely covered by actual Moho depth
measurements; therefore, the published maps on the
depth of crust-mantle boundary (Grad et al. 2009;
Horváth et al. 2015) lack data points and rely on
falling back to background crustal thickness models
in their interpolations.
We fill this data gap by carrying out P-to-S receiver
function analysis for all SCP stations as well as for
permanent stations (BUD, PSZ) in the area (Fig. 1).
We focus on determining the depth of the Moho from
receiver function analysis. The basis of receiver function
analysis is that near vertically arriving teleseismic P
waves are converted to S waves and other multiples at
sharp velocity discontinuities such as the Moho below
the receiver. By deconvolving the vertical component
from the radial and transversal components of the wave-
form, we obtain the receiver function, which approxi-
mates the Green’s function, the Earth response beneath
the station. This carries information about the velocity
structure and the depth of the major discontinuities
below the receiver. Hence, receiver function analysis is
one of the primary tools for determining depth of Moho.
The good station coverage provided by the SCP allows
us to present the depth of the Moho in unprecedented
details. We determine the Moho depth with two inde-
pendent methods and present six migrated profiles for
the study area.
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2 Data and methodology
We used teleseismic earthquakes of magnitude larger
than 5.5 from the USGS catalogue (https://earthquake.
usgs.gov/earthquakes/search/), located between 28° and
95° epicentral distance from each seismological station.
The dataset consists of data recorded between 2009 and
2011 at the 54 broadband seismological stations of the
SCP array, and at the two permanent stations from
between 2004 and August 2017. The SCP stations
were deployed along four approximately NW–SE-
oriented profiles in the Pannonian Basin and across the
Southern Carpathians, with some stations located
outside the profiles, and the two Hungarian permanent
stations were along these lines (Fig. 1). The SCP
temporary network provided broadband, three-
component data, and the sensors at the stations consisted
of 17 CMG-40T, 13 CMG-3T, and 24 CMG-6TD seis-
mometers (Ren et al. 2012). The period range of CMG-
40T was between 30 s and 50 Hz, the CMG-3 T was
between 120 s and 50 Hz, and the CMG-6TD was
between 30 s and 100 Hz. The data of the SCP project
stations are freely available at the IRIS web site. The
SCP network does not have a DOI, but can be identified
on t h e FDSN web s i t e ( h t t p : / /www. f d s n .
org/networks/detail/YD_2009/). Further waveforms
were provided by the Hungar i an Nat iona l
Seismological Network (doi: https://doi.org/10.14470
/UH028726) and from the two renamed permanent
Romanian stations Baia Mare (BMR, here 3H07) and
Fig. 1 The map shows the investigated area, the seismic stations
used in this study, and the main tectonic features (black lines). The
green triangles represent stations on hard rock and the brown
triangles show stations on sediments. This distinction is important
as sediments affect the receiver function waveforms. BUD and
PSZ are the two permanent stations in Hungary used in this study.
Two Romanian permanent stations (BMR: 3H07 and HUMR:
3F15) appear renamed for the SCP project. SCP1 to SCP6 mark
the locations of migrated cross-sections. Abbreviations: AM,
Apuseni Mountains; AP, AlCaPa block; BF, Balaton Fault; DI,
Dinarides; EA, Eastern Alps; EC, Eastern Carpathians; MHF,
Mid-Hungarian Fault; MHZ, Mid-Hungarian Zone; SC, Southern
Carpathians; TD, Tisza-Dacia block; TP, Transylvanian Plateau;
VB, Vienna Basin; WC, Western Carpathians
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Humele (HUMR, here 3F15) (doi: https://doi.
org/10.1007/978-3-319-14,328-6_9). Figure 2 shows
the 687 teleseismic events used for the SCP array
stations and the 2887 events used for the two
permanent stations.
We downloaded altogether 76,734 three-component
seismograms for the SCP array and 15,528 seismograms
for the Hungarian permanent stations. We deleted the
seismograms with gaps and where not all three compo-
nents were available. Then we applied the first quality
control (QC1) for the filtered three-component wave-
forms. In this step, we removed the mean and the trend
in the waveforms, filtered them with a Butterworth
band-pass filter between 0.1 and 1 Hz, and used a taper
to eliminate the aliasing at the ends of the signal. The
QC1 was an STA/LTA detector (Trnkoczy 2012). We
used a 900-s time window, 300 s before and 600 s after
the predicted first-arriving P wave. The length of the
STA and LTAwindows were 10 s and 50 s, respectively.
Waveforms are rejected either if no detection was made,
or if the STA/LTA value was smaller than 3.5. This
reduced the dataset to 38,712 waveforms in the SCP
array stations and 8415 at the two permanent stations for
receiver function analysis.
Most of the investigated area (27 stations) is
covered by thick sediments; therefore, background
noise is relatively high, and ghost converted-phases
appear for most events (Hetényi et al. 2015). Wave-
form ringing was also observed in data due to mul-
tiple reverberations of waves between the surface
and the bottom of the basin. In the second quality
control step (QC2), we measured various signal-to-
noise ratio (SNR) norms (Hetényi et al. 2015,
2018a). Here we used the same filtered waveforms
as for QC1, but we applied a shorter (120 s) time
window (30 s before and 90 s after the first-arriving
P). Waveforms were rejected if the two SNR values
were below the respective thresholds. The first SNR
value was the peak amplitude to background ampli-
tude, with a minimum value of 3. The second was
the peak amplitude to the background root mean
square (rms), with a minimum value of 5. After the
second QC step, we rotated the accepted ZNE
seismograms into the ZRT coordinate system ac-
cording to station-to-event azimuth (back-azimuth).
The radial component was deconvolved from the
vertical component using the iterative time-domain
approach (Ligorría and Ammon 1999) with 150
iterations to calculate the receiver functions. The
obtained series of spikes were then convolved with
a Gaussian of width corresponding to the highest
frequency of the signal to obtain the final radial
receiver functions.
Finally, we applied the third quality control step
(QC3) for the calculated radial receiver functions
(Hetényi et al. 2015, 2018a): the maximum amplitude
peak should be in the range − 0.5 to 2 s of the theoretical
P arrival, and its amplitude must be positive but less than
0.8. After QC3, the high-quality dataset contains 2644
traces in the SCP array stations and 1510 traces at the
two permanent stations. Figure 3 shows the evolution of
the number of accepted waveforms in the SCP stations
sorted by SCP lines.
We used the accepted receiver functions to determine
the Moho depth below the stations, using two different
methods.
First, we determined the Moho depth using the H-K
grid search method (Zhu and Kanamori 2000) where H
represents the Moho depth and K stands for the average
crustal Vp/Vs ratio. Depending on the geologic settings,
we set different crustal Vp velocities from published
articles (Grad et al. 2006; Tasarova et al. 2009; Janik
et al. 2009) for each station individually; these values
range between 5.8 and 6.5 km/s. We defined the Vp/Vs
ratio search range between 1.5 and 2.0. For the range of
the Moho depth, we used 20 and 40 km in the basin
areas and 20 and 45 km in the mountains, following
Horváth et al. (2015). The Vp/Vs and Moho depth
intervals represent physically meaningful limits for the
investigated area. The weights of Ps (W1), PpPs (W2),
and PpSs+PsPs (W3) phases were fine-tuned for each
station. We experimented with two frequently used
weighting methods. First, we gave a large weight to
the direct conversion (W1) and smaller ones to the
multiples (W2, W3), but in this case, the result is dom-
inated by the higher-amplitude Ps phase for the Moho
depth determination (Licciardi et al. 2014). Second, we
assigned the sameweight for each phase (e.g., Lombardi
et al. 2008), but in this case, noisy multiples (W2 and
W3) can result in poorly determined Moho and Vp/Vs
values. Hence, in order to take into account the domi-
nating multiples and reduce the impact of the noisy
multiples, we assigned weights manually for each sta-
tion. In all cases, W1 was always larger than W2 and
W3. However, at stations over thick sedimentary cover,
in some cases, we could not identify the multiples, and
these were discarded from the analysis. Furthermore, we
cannot identify regularity between the weights and the
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type of the stations, but usually we used larger W1
weight for stations on sediments than those on outcrops.
We listed the weights for each station in the electronic
supplement.
Second, we imaged the Moho depth with the
common conversion point migration (Zhu 2000)
using the local, one-dimensional velocity model
by Gráczer and Wéber (2012), with a modified
Moho depth to 45 km to allow the P-to-S conver-
sions being mapped to the right depth with crustal
velocity. The selected velocity model has a thin
(3 km) top layer of slower P velocity (5.3 km/s),
Fig. 2 Epicentre maps of the 2887 and 687 teleseismic earthquakes used for receiver function calculation at permanent Hungarian stations
(a) and SCP stations (b), respectively. The two inner circles show the epicentral distance limits at 28° and 95°
Fig. 3 Statistics on the number traces at SCP stations during
quality control (QC). The blue column represents the number of
downloaded waveforms; the brown and red columns show the
number of accepted waveforms after QC1 and QC2-3. See text for
the description of these QC steps. The brown colour of the station
names represents the hard rock stations and the green shows the
sedimentary stations. About 35% of the receiver functions have
passed all the quality control steps compared with the QC1
waveforms
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but this still appears to be too fast compared with
velocity models of the upper crust from refraction
profiles. Yet this model is clearly better for this
region than the three global one-dimensional veloc-
ity models we tested, namely iasp91 (Kennett and
Engdahl 1991), ak135 (Kennett et al. 1995), and
CRUST1.0 (Laske et al. 2013). The iasp91 and
ak135 models are acceptable benea th the
Carpathians, but seem to be too fast for the eastern
Pannonian Basin. The CRUST1.0 gave similar re-
sults as Gráczer and Wéber (2012), but we opted to
choose a single local 1D velocity model of the
region. Still, as nearly half (27 of 56) of the sta-
tions were located on top of thick sediments, we
applied a depth correction at these stations for
receiver function analysis. To this end, we used
the pre-Cenozoic basement map in Hungary (Haas
et al. 2010) and pre-Neogene basement depth
values between Hungary and Carpathians (Royden
and Horváth 1988). For the foreland of the South
Carpathians, we used a pre-Miocene basement map
(Matenco et al. 2003). The local Vp value for the
sediments is taken from Grad et al. (2006) and
Środa et al. (2006), and their Vp/Vs ratio was 2.
We defined 6 cross-sections (Fig. 1) and we per-
formed pre-stack migration (1 km horizontal and
0.5 km vertical resolution of the bin size), with
results presented in raw format and interpreted
profile.
3 Results and interpretation
3.1 Quality control
Figure 4 demonstrates the importance of quality control
when calculating receiver functions. It shows receiver
functions sorted by back-azimuth and stacks at the 4F07
hard rock station and the 6D04 sediment station before
and after QC2-3. The amplitude of multiples becomes
larger and the noise is significantly reduced after QC2-3.
Furthermore, the time lags on the sedimentary station
receiver functions (6D04 station) become more appar-
ent. This is attributable due to the low velocity and
young, unconsolidated sediment layer. We show the
receiver function stacks before and after QC2-3 for all
stations in the electronic supplement.
We can check the quality of the receiver functions
on the back-azimuth-dependent stacks. The back-
azimuthal bin stacking of the receiver functions
minimizes noise and increases coherent signal inten-
sity. Furthermore, we can investigate local dip and
anisotropy beneath the seismological stations. Fig-
ure 5 shows further four stations with more than 60
receiver functions and reasonable back-azimuthal
coverage, stacked in 20°-wide back-azimuthal bins
with 5° overlap. The radial receiver functions pres-
ent the P peaks between 0 and 2 s. The P-to-S
conversion of the crust-mantle boundary appears
between 2.5 and 4 s at hard rock stations (Fig. 5a–
d), while at the station above sediments, it can be
observed 1–1.5 s later (Fig. 5c). We are able to
clearly detect the PpPs phase in the two permanent
stations, owing to the much larger amount of receiv-
er functions (Fig. 5a and b). The sedimentary sta-
tions are noisier and the peaks of the multiples are
more difficult to detect. The energy on the tangential
components most likely stems from anisotropy and
dipping boundaries of the first-order discontinuities
beneath the seismic stations (Savage 1998). Howev-
er, we do not have enough high-quality receiver
functions at most stations from the SCP project to
resolve confidently anisotropy and layer dip in this
study. We present radial and tangential receiver
functions at all stations in the electronic supplement.
3.2 H-K analysis
We performed the H-K grid search method on the
accepted receiver functions. The Moho depth varies
between 22 and 43 km in the investigated area. The
shallower values are found in the eastern Pannonian
Basin beneath the Tisza-Dacia block, where these
values are around 22 and 27 km (Fig. 6b). The
crust-mantle boundary beneath the AlCaPa block
is somewhat deeper, at around 27–30 km. Similar
values are found at the northwest edge of the
Carpathians, as well as at the transition zone be-
tween Pannonian Basin and Southern Carpathians
(Fig. 6a). We found deeper values beneath the
Apuseni Mountains (35 km) and the Southern
Carpathians (Fig. 6c). The crust-mantle boundary
is between 31 and 43 km in the Carpathians (31–
43 km) (Fig. 6a). Overall, along the SCP profiles,
the Moho depth gradually increases from NW to
SE. The uncertainty of the Moho depth determina-
tion at the 86% confidence level is about ± 1.1 km
on average from the H-K analysis, shown in Fig. 6
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as the area in red. Similarly, the uncertainty in the
initial Vp velocity is about ± 1.2 km. The stations
on sediments (e.g., Fig. 6b) have noisier receiver
functions than those on hard rock (e.g., Fig. 6a).
We list the H-K analysis parameters and results for
all stations in the electronic supplement. As the H-
K method is based on post-stack analysis and an a
priori crustal Vp value, we further our analysis with
Fig. 4 Receiver function sorted by back-azimuth and stack of the receiver functions before (left) and after (right) QC2-3 at 4F07 (top) and
6D04 (bottom) stations. Numbers on the right of each back-azimuth bins are the number of included individual receiver function traces
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a pre-stack approach employing a 2D velocity
model.
3.3 Migration
We performed common conversion point migration to
image the Moho depth beneath the SCP array profiles
independently from the H-K analysis. This approach has
proven to provide more realistic results, thanks to pre-
stack migration with adapted velocity models. We de-
fined four profiles through the AlCaPa and Tisza-Dacia
blocks and across the MHZ, and two roughly perpen-
dicular profiles through stations with names ending in
“07” and “11” (Fig. 1). Figures 7 and 8 show the
topography above the profiles (top), the raw (second),
and the interpreted (third) migration profile results. The
interpolated Moho depth results from the migration
(dashed green lines) are compared with the result from
H-K analysis (in orange).
The first profile, SCP1, was 560 km long with 11
stations (Fig. 7a). Most stations show clear Moho depth
values. An important finding is beneath station 6C03 in
the MHZ, where the Moho is clearly detected at 27–
28 km. The MHZ is an intriguing target, as the Moho
was not clear here in the western Pannonian Basin
(Hetényi et al. 2015). However, the H-K analysis point-
ed to a 22-km deep crust-mantle boundary. The differ-
ence is due to the sedimentary layer (1.9 km) and the
choice of the constant Vp velocity in the H-K method.
The Moho appears deeper at the edge of the Tisza block
and in the Southern Carpathians than in the AlCaPa
block.
The SCP2 profile was 570 km long and used 14
stations (Fig. 7b). In the migrated image, some sta-
tions show no clear Moho beneath the AlCaPa and
Tisza blocks, and some stations reveal a shallow
crust-mantle boundary between 22 and 26 km depth.
These stations are situated on thick sediments (5–
6 km); therefore, the receiver functions are very
noisy. This profile shows clear Moho conversion
beneath the Southern Carpathians, at depths between
34 and 43 km; the deepest value is beneath the
highest altitude mountains. At station 6D11, which
is located in the high-Carpathians, the Moho depth
mirrors the topography. The average 1000–1500 m
topography can be isostatically compensated by a 7–
12-km thick crustal root, which fits our depth
observations.
The SCP3 profile used 14 stations and was
530 km long (Fig. 7c). This profile shows clear
Fig. 5 Radial and tangential receiver functions sorted by back-
azimuth at stations PSZ (a), BUD (b), 6C03 (c), and 3C11 (d).
Numbers to the right of the radial receiver functions are the
number of the traces in each stack. The P, Ps, and PpPs lines
identify the respective peaks
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Moho beneath AlCaPa and Tisza blocks. The depth
of Moho shows consistent deepening from AlCaPa
to the Southern Carpathians. The root of the moun-
tains is not as pronounced in this profile because the
topography increases more gradually towards the
Southern Carpathians.
The SCP4 profile, with 14 stations over 590 km, is
shown in Fig. 7d. We can identify clear Moho signal
Fig. 6 Results of the H-K grid search method (Zhu and Kanamori
2000) at stations 3C11 (a), 6D04 (b), and 4F09 (c). The three
stations represent different geologies. Station 3C11 is located in
the Southern Carpathians, 6D04 station is in the eastern Pannonian
Basin, and station 4F09 is located in the Apuseni Mountains. The
left panel shows fit (sum of amplitudes) at various Moho depths
and average crustal Vp/Vs values at the corresponding arrival
times (right) of the Ps, PpPs, and PpSs+PsPs phase weighted
respectively withW1,W2, andW3. The Ps, PpPs, and PpSs+PsPs
lines show the location of each peak. The extent of the red area
(86% of the peak) around the maximum (star) is a proxy for the
uncertainty
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Fig. 7 a Migrated P-to-S receiver function cross-sections for
SCP1 line. The top panel shows the topography above each profile
and the location of seismic stations projected to the SCP line, the
middle panel presents the raw migration result, and the bottom
panel shows the interpreted results. The green triangles represent
stations on hard rock and the brown triangles show stations on
sediments. The migrated sections are corrected by the elevation
and refer to the sea level. The dotted green lines represent the
Moho depth from migration methods. The green circles represent
the interpolation points that were used to produce the Moho map.
The orange circles show the depth of Moho beneath each station
from H-K grid search method. The dotted orange lines show the
interpolated depth of Moho from the H-K method. The abbrevia-
tions of structural elements are the same as in Fig. 1. bMigrated P-
to-S receiver function cross-sections for SCP2 line. Panels and
features are described in a. c Migrated P-to-S receiver function
cross-sections for SCP3 line. Panels and features are described in
a. d Migrated P-to-S receiver function cross-sections for SCP4
line. Panels and features are described in a
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beneath most stations. The situation is similar to profile
SCP3, as the Apuseni Mountains represent a somewhat
elevated topography and deepened Moho (28–33 km)
before reaching the Carpathians (33–37 km). The Moho
depth beneath the AlCaPa and Tisza blocks is very
similar to those at the SCP1-3 profiles.
Figure 8 shows the two migration profiles along
“07” and “11” stations, perpendicular to profiles
SCP1-4. The SCP5 profile is shown in Fig. 8a. This
was 350 km long with 6 stations. The depth of
Moho increases from the Tisza block to the Transyl-
vanian Plateau. The Transylvanian Plateau presents
Fig. 7 (continued)
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28–31 km Moho depth. We do not detect drastic
changes of Moho depth from west to east, as the
SCP5 profile does not cross the Carpathians towards
the east. The SCP6 profile was 380 km long and
used 6 stations (Fig. 8b). This profile shows deeper
Moho beneath the Carpathians (34 and 43 km), with
a clear image of the mountain root.
4 Discussion
We applied two independent methods, the H-K grid
search and the migration of receiver functions to obtain
the depth of the crust-mantle boundary. We obtained
consistent and very similar results with both methods,
the differences being inherent in the various
Fig. 8 Migrated P-to-S receiver function cross-sections for lines SCP5 (a) and SCP6 (b). Panels and features are described in Fig. 7a
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assumptions of the methods (Fig. 9a). We successfully
applied the H-K grid search method on 42 out of 56
stations, and these results exhibit very good correlation
with the migrated profiles. In most cases, we were able
to detect a clear crust-mantle boundary beneath the
seismological stations. The differences between the H-
K results and the migration profiles are found mostly
beneath the AlCaPa and Tisza blocks and attributed to
thick sedimentary layers. We can identify similar differ-
ences in the southeast foreland of the South Carpathians,
where the thickness of sediments reaches 2–3 km. Ulti-
mately, we rely on the migrated profiles for the interpre-
tation as the approach allows better spatial reconstruc-
tion of converters at depth. Furthermore, the pre-stack
depth migration and the better-suited velocity model
employed duringmigration yield a higher quality image.
The H-K method stacks all RFs for each station prior to
vertical 1D migration, which is based on an assumed
constant Vp of the crust for each station. In other words,
CCP creates a set of 2D images, while H-K is a set of 1D
information.
One of our important results is that we successfully
imaged a clear Moho beneath the MHZ from migration.
Although this is the only Moho depth observation be-
neath the MHZ in this study, it is important as it shows
that the velocity gradient across the crust-mantle inter-
face can be sharp, as opposed to findings in the western
Pannonian Basin, where the lack of Moho signal was
interpreted as a broad vertical velocity gradient with
depth (Hetényi et al. 2015). Therefore, the nature of
the vertical velocity gradient across the Moho can vary
along the MHZ.
We aim for a common interpretation for the six cross-
sections to equilibrate the variable signal quality and
success in mapping the Moho along the individual mi-
grated profiles. We therefore picked the Moho depth on
all profiles where they were identifiable with high con-
fidence, and interpolated these Moho depth values to a
Moho depth map over an area of 600 by 200 km as
shown in Fig. 9a. Within the uncertainty of the depth
determination, the Moho depths are similar beneath the
AlCaPa and Tisza blocks, which confirms that they
thinned to the same thickness during their geological
part (Hetényi et al. 2015). Compared with the thinMoho
(22–28 km) beneath eastern Pannonian Basin, the
Apuseni Mountains have thicker crust (28–32 km),
Fig. 9 a Interpolated Moho map from the common conversion
point migration method. Black circles represent the Moho depth
points on the migrated profiles that served as the basis for the
interpolation. Triangles show the depth of Moho beneath each
station obtained from the H-K grid search method. The one-
dimensional H-K results confirm the validity of the two-
dimensional CCP migration results. b Moho map by Grad et al.
(2009), with our research area contoured with a black rectangle.
The abbreviations of structural elements are the same as in Fig. 1
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while the thickest crust is found beneath the Southern
Carpathians (33–43 km). The SCP2 and SCP6 profiles
show the root of the Southern Carpathians Mountain.
Figure 9a shows that the general increase inMoho depth
from the Pannonian Basin through the Transylvanian
Plateau to the Southern Carpathians is clearly mapped.
Finally, we compare this map with the latest pub-
lished local Mohomap of the Pannonian Basin (Horváth
et al. 2015) as well as the European Moho map (Grad
et al. 2009) derived from seismic refraction profile data,
body and surface wave tomography, and receiver
function analysis. Figure 9b shows the Moho map by
Grad et al. (2009) and the outline of our study region.
Note that the scale of the maps is quite different as our
map covers only a small fraction of the two other maps.
On the other hand, we have much higher density of data
points where the other maps lack dense data coverage
and rely on interpolation or fall back to the initial
background models. For instance, we obtained receiver
functions from four stations in the Apuseni Mountains,
where the Grad et al. (2009) map had no data at all. For
the eastern part of Pannonian Basin, we obtain a similar
depth of Moho (22–27 km) to that of in Horváth et al.
(2015), but somewhat thinner crust (26–31 km) than in
Grad et al. (2009). Horváth et al. (2015) show somewhat
thinner crust (22–25 km) beneath Tisza-Dacia than the
AlCaPa (25–27 km). Our map shows similar values
beneath the two structural elements, and we cannot
identify a decrease in Moho depth from AlCaPa to
Tisza-Dacia. The Moho depth values are in good agree-
ment in all three maps for the Southern Carpathians (35–
43 km), the thinner values being located at edges of the
mountains. We have achieved higher resolution over the
roots of the Carpathian mountains, which allowed to
resolve deeper Moho depths there (42–43 km) than in
Grad et al. (2009).
5 Conclusions
We performed receiver function analysis in the eastern
part of the Pannonian Basin and the Southern
Carpathians region, including strict quality control pro-
cedures. We determined the Moho depth with two inde-
pendent approaches: the H-K grid search method and
the common conversion point migrationmethod. Owing
to the thick, young, and unconsolidated sediments, the
H-K analysis failed to provide accurate results for the
Moho depth beneath several stations of the eastern
Pannonian Basin. However, with the common conver-
sion point migration, we were able to account for the
sedimentary cover, and to resolve theMoho beneath this
area in most cases. TheMoho depth results from the two
methods agree well under the Carpathians. Based on
topography and the imaged crustal root, it appears that
the Southern Carpathians are in—or close to—isostatic
equilibrium. At our only station in the Mid-Hungarian
Zone, we observed a Moho, which points to a real
discontinuity, unlike in the western Pannonian Basin
where a broader vertical velocity gradient was
interpreted.
We observed thin crust at the AlCaPa and Tisza
blocks, which supports the tectonic view that the area
went through an extension phase, proposed for the early
Miocene according to the geological record. We ob-
served gradual crustal thickening from the AlCaPa to
the Southern Carpathians. Future studies will focus on
larger areas in and around the Pannonian Basin, espe-
cially the western part of the Pannonian Basin exploiting
the data from the AlpArray experiment (Gráczer et al.
2018; Hetényi et al. 2018b).
Acknowledgements We greatly acknowledge the scientific and
field teams of the South Carpathian Project, which was founded by
NERC (UK) and lead by the University of Leeds. We acknowl-
edge the authors of Generic Mapping Tools (GMT) software
(Wessel and Smith 1998). The authors are grateful to Marek Grad
for his constructive review and for sharing data for Fig. 9b and to
an anonymous reviewer whose comments helped to improve the
paper.
Funding information Open access funding provided by Eötvös
Loránd University (ELTE). The reported investigation was finan-
cially supported by the National Research, Development and
Innovation Fund (Grant Nos. K124241; 2018-1.2.1-NKP-2018-
00007 and K128152).
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestrict-
ed use, distribution, and reproduction in any medium, provided
you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and indicate if
changes were made.
References
Bada G, Horváth F, Dövényi P, Szafián P, Windhoffer G,
Cloetingh S (2007) Present-day stress field and tectonic
inversion in the Pannonian basin. Glob Planet Chang 58:
165–180. https://doi.org/10.1016/j.gloplacha.2007.01.007
J Seismol (2019) 23:967–982980
Brückl E, Bleibinhaus F, Gosar A, Grad M, Guterch A, Hrubcová
P, Keller GR, Majdański M, Šumanovac F, Tiira T, Yliniemi
J, Hegedűs E, Thybo H (2007) Crustal structure due to
collisional and escape tectonics in the EasternAlps region
based on profiles Alp01 and Alp02 from the ALP 2002
seismic experiment. J Geophys Res 112, B06308:1–25.
https://doi.org/10.1029/2006JB004687
Csontos L, Nagymarosy A (1998) TheMid-Hungarian line: a zone
of repeated tectonic inversions. Tectonophysics 297:51–71
Csontos L, Nagymarosy A, Horváth F, Kovác M (1992) Tertiary
evolution of the Intra Carpathian area: a model.
Tectonophysics. 208:221–241
Dando BDE, Stuart GW, Houseman GA, Hegedűs E, Bruckl E,
Radovanovic S (2011) Teleseismic tomography of the mantle
in the Carpathian–Pannonian region of central Europe.
Geophys J Int 186:11–31. https://doi.org/10.1111/j.1365-
246X.2011.04998.x
Fodor LI (2010) Mezozoos-kainozoos feszültségmezők és
törésrendszerek a Pannon-medence ÉNy-I részén—
módszertan és szerkezeti elemzés. DSc thesis, Budapest
Gráczer Z, Wéber Z (2012) One-dimensional P-wave velocity
model for the territory of Hungary from local earthquake
data. Acta Geod Geophys Hun 47:344–357
Gráczer Z, Szanyi G, Bondár I, Czanik C, Czifra T, Győri E,
Hetényi G, Kovács I, Molinari I, Süle B, Szűcs E,
Wesztergom V, Wéber Z, AlpArray Working Group (2018)
AlpArray in Hungary: temporary and permanent seismolog-
ical networks in the transition zone between the Eastern Alps
and the Pannonian basin. Acta Geodaet Geophys Hun.
https://doi.org/10.1007/s40328-018-0213-4
Grad M, Guterch A, Keller GR, Janik T, Hegedűs E, Vozar J,
Slaczka A, Tiira T, Yliniemi J (2006) Lithospheric structure
beneath trans-Carpathian transect from Precambrian platform
to Pannonian basin: CELEBRATION 2000 seismic profile
CEL05. J Geophys Res 111:B03301. https://doi.org/10.1029
/2005JB003647
Grad M, Guterch A, Mazur S, Keller GR, Spicak A, Hrubcová P,
Geissler WH (2008) Lithospheric structure of the Bohemian
Massif and adjacent Variscan belt in central Europe based on
profile S01 from the SUDETES 2003 experiment. J Geophys
Res 113:B10304. https://doi.org/10.1029/2007JB005497
Grad M, Tiira T, ESC Working Group (2009) The Moho depth
map of the European Plate. Geophys J Int 176:279–292.
https://doi.org/10.1111/j.1365-246X.2008.03919.x
Guterch A, Grad M, Keller GR, Posgay K, Vozár J, Špičák A,
Brückl E, Hajnal Z, Thybo H, Selvi O, CELEBRATION
2000 experiment team (2003) CELEBRATION 2000 seismic
experiment. Stud Geophys Geod 47:659–669
Haas J, Budai T, Csontos L, Fodor L, Konrád GY (2010)
Magyarország pre-kainozoos földtani térképe, 1:500 000. –
Földtani Intézet kiadványa
Handy M, Schmid SM, Bousquet R, Kissling E, Bernouilli D
(2010) Reconciling plate-tectonic reconstructions of Alpine
Tethys with the geological—geophysical record of spreading
and subduction in the Alps. Earth Sci Rev 102:121–158.
https://doi.org/10.1016/j.earscirev.2010.06.002
Hetényi G, Bus Z (2007) Shear wave velocity and crustal thick-
ness in the Pannonian Basin from receiver function inver-
sions at four permanent stations in Hungary. J Seismol 11:
405–414. https://doi.org/10.1007/s10950-007-9060-4
Hetényi G, Ren Y, Dando B, Stuart GW, Hegedűs E, Kovács AC,
Houseman GA (2015) Crustal structure of the Pannonian
Basin: the AlCaPa and Tisza Terrains and the Mid-
Hungarian Zone. Tectonophysics 646:106–116. https://doi.
org/10.1016/j.tecto.2015.02.004
Hetényi G, Plomerová J, Bianchi I, Exnerová HK, Bokelmann G,
Handy M, Babuška V, AlpArray-EASI Working Group
(2018a) From mountain summits to roots: crustal structure
of the Eastern Alps and Bohemian Massif along longitude
13.3°E. Tectonophysics 744:239–255. https://doi.
org/10.1016/j.tecto.2018.07.001
Hetényi G, Molinari I, Clinton J, Bokelmann G, Bondár I,
Crawford WC, Dessa JX, Doubre C, Friederich W, Fuchs F,
Giardini D, Gráczer Z, Handy MR, Herak M, Jia Y, Kissling
E, Kopp H, Korn M, Margheriti L, Meier T, Mucciarelli M,
Paul A, Pesaresi D, Piromallo C, Plenefisch T, Plomerová J,
Ritter J, Rümpker G, Šipka V, Spallarossa D, Thomas C,
Tilmann F, Wassermann J, Weber M, Wéber Z, Wesztergom
V, Živčić M, AlpArray Seismic Network Team, AlpArray
OBS Cruise Crew, AlpArray Working Group (2018b) The
AlpArray Seismic Network—a large-scale European experi-
ment to image the Alpine orogen. Surv Geophys 39:1009–
1033. https://doi.org/10.1007/s10712-018-9472-4
Horváth F, BadaG, Szafian P, Tari G, AdamA, Cloetingh S (2006)
Formation and deformation of the Pannonian Basin: con-
straints from observational data. In: Gee DG, Stephenson
RA (eds) European lithosphere dynamics, Memoir, vol 32.
Geological Society, london, pp 191–206. https://doi.
org/10.1144/GSL.MEM.2006.032.01.11
Horváth F, Musitz B, Balázs A, Végh A, Uhrin A, Nádor A,
Koroknai B, Pap N, Tóth T, Wórum G (2015) Evolution of
the Pannonian basin and its geothermal resources.
Geothermics 53:328–352
Janik T, Grad M, Guterch A (2009) Seismic structure of the
lithosphere between the East European Craton and the
Carpathians from the net of CELEBRATION 2000 profiles
in SE Poland. Geol Q 53:141–158
Kennett BLN, Engdahl ER (1991) Traveltimes for global earth-
quake location and phase identification. Geophys J Int 105:
429–465
Kennett BLN, Engdahl ER, Buland R (1995) Constraints on
seismic velocities in the earth from traveltimes. Geophys J
Int 122:108–124
Kovács I, Csontos L, SzabóC, Bali E, Falus G, Benedek K, Zajacz
Z (2007) Paleogene–early Miocene igneous rocks and
geodynamics of the Alpine–Carpathian–Pannonian–Dinaric
region: an integrated approach. In: Beccaluva L, Bianchini G,
Wilson M (eds) Cenozoic volcanism in the Mediterranean
area. Geol. Soc. Am. Spec. Pap, vol 418, pp 93–112.
https://doi.org/10.1130/2007.2418(05
Kovács I, Falus G, Stuart G, Hidas K, Szabó C, Flower M,
Hegedűs E, Posgay K, Zilahi-Sebess L (2012) Seismic an-
isotropy and deformation patterns in upper mantle xenoliths
from the central Carpathian–Pannonian region: astheno-
spheric flow as a driving force for Cenozoic extension and
extrusion? Tectonophysics 514–517:168–179. https://doi.
org/10.1016/j.tecto.2011.10.022
Laske G, Masters G, Ma Z (2013) Pasyanos, M.E. Update on
CRUST1.0—A 1-degree global model of Earth’s crust.
Geophys Res Abstr 15:2658
J Seismol (2019) 23:967–982 981
Lenkey L (1999) Geothermics of the Pannonian basin and its
bearing on the tectonics of basin evolution. PhD thesis,
Vrije Universiteit Amsterdam
Licciardi A, Piana Agostinetti N, Lebedev S, Schaeffer AJ,
Readman PW, Horan C (2014) Moho depth and Vp/Vs in
Ireland from teleseismic receiver functions analysis. Geophys
J Int 199:561–579. https://doi.org/10.1093/gji/ggu277
Ligorría JP, Ammon CJ (1999) Iterative deconvolution and
receiver-function estimation. Bull Seismol Soc Am 89:
1395–1400
Lombardi D, Braunmiller J, Kissling E, Giardini D (2008) Moho
depth and Poisson’s ratio in the Western – Central Alps from
receiver functions, pp 249–264. https://doi.org/10.1111
/j.1365-246X.2007.03706.x
Matenco L, Bertotti G, Cloetingh S, Dinu C (2003) Subsidence
analysis and tectonic evolution of the external Carpathian–
Moesian Platform region during Neogene times. Sediment
Geol 156:71–94
Ren Y, Stuart GW, Houseman GA, Dando B, Ionescu C, Hegedűs
E, Radovanovic S, Shen Y, South CarpathianWorking Group
(2012) Upper mantle structures beneath the Carpathian–
Pannonian region: implications for geodynamics of the con-
tinental collision. Earth Planet Sci Lett 349–350:139–152
Ren Y, Grecu S, Stuart GW, Houseman GA, Hegedűs E, South
Carpathian Working Group (2013) Crustal structure of the
Carpathian–Pannonian region from ambient noise tomogra-
phy. Geophys J Int 195:1351–1369. https://doi.org/10.1093
/gji/ggt316
Royden LH, Horváth F (1988) The Pannonian Basin, a study in
basin evolution. Am Assoc Petr Geol Mem 45:394
Savage MK (1998) Lower crustal anisotropy or dipping bound-
aries? Effects on receiver functions and a case study in New
Zealand. J Geophys Res 103:15069–15087
Schmid SM, Bernoulli D, Fügenschuh B, Matenco LC, Schefer S,
Schuster R, Tischler M, Ustaszewski K (2008) The Alpine-
Carpathian-Dinaridic orogenic system: correlation and evo-
lution of tectonic units. Swiss J Geosci 101:139–183
Środa P, Czuba W, Grad M, Guterch A, Tokarski AK, Janik T,
Rauch M, Keller GR, Hegedűs E, Vozár J, CELEBRATION
2000Working Group (2006) Crustal and upper mantle struc-
ture of the Western Carpathians from CELEBRATION 2000
profiles CEL01 and CEL04: seismic models and geological
implications. Geophys J Int 167:737–760. https://doi.
org/10.1111/j.1365-246X.2006.03104.x
Tari G, Dövényi P, Dunkl I, Horváth F, Lenkey L, Stefanescu M,
Szafián P, Tóth T (1999) Lithospheric structure of the
Pannonian basin derived from seismic, gravity and geother-
mal data. Geol Soc Lond Spec Publ 156:215–250. https://doi.
org/10.1144/GSL.SP.1999.156.01.12
Tasarova A, Afonso JC, Bielik M, Gotze HJ, Hok J (2009) The
lithospheric structure of the Western Carpathian–Pannonian
Basin region based on the CELEBRATION 2000 seismic
experiment and gravity modeling. Tectonophysics 475:454–
469
Trnkoczy A (2012) Understanding and parameter setting of STA/
LTA trigger algorithm. In: New manual of seismological
observatory practice 2 (NMSOP-2), IS 8, vol 1, p 20
Wessel P, Smith WHF (1998) New, improved version of the
generic mapping tools released. EOS Trans Am Geophys
Union 79:579
Zhu LP (2000) Crustal structure across the San Andreas Fault,
southern California from teleseismic converted waves. Earth
Planet Sci Lett 179:183–190. https://doi.org/10.1016/S0012-
821X(00)00101-1
Zhu L, Kanamori H (2000) Moho depth variation in southern
California from teleseismic receiver functions. J Geophys
Res 105(2):2969–2980
Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional
affiliations.
J Seismol (2019) 23:967–982982
